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INTRODUCTION
The wear resistance is a crucial feature 
that affects the engineering of reliability sys-
tems. The conveyors, mixers, rotors, the buck-
ets of excavators or loaders, sliding bearings, 
tools and many more machine components are 
in contact with free grains of abrasive materi-
als [1–4]. The abrasive wear is defined [1] as 
the displacement of material caused by the 
presence of hard particles, of hard particles be-
tween or embedded in one or both of the two 
surfaces in relative motion, or by the presence 
of hard protuberances on one or both of the 
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ABSTRACT
The steel presents a wide field of application. The abrasive wear resistance of steel relies mainly on the micro-
structure, hardness as well as on the abrasive material properties. Moreover, the selection of a abrasion-resistant 
grade of steel still seems to be a crucial and unsolved problem, especially due to the fact that the actual operating 
conditions can be affected by the presence of different abrasive materials. The aim of this work was to determine 
the effect of different abrasive grit materials i.e. garnet, corundum and carborundum on the abrasive wear result of 
a commonly used in industry practice steels i.e. S235, S355, C45, AISI 304 and Hardox 500. The microstructure of 
the steel was investigated using light optical microscopy. Moreover, hardness was measured with Vickers hardness 
tester. Additionally, the size and morphology of the abrasive materials were characterized. The abrasion tests were 
conducted with the usage of T-07 tribotester (dry sand rubber wheel). The results demonstrate that the hardness 
and structure of steels and hardness of abrasive grids influenced the wear results. The abrasive wear behavior of 
steels was dominated by microscratching and microcutting wear mechanisms. The highest mass loss was obtained 
for garnet, corundum, and carborundum, respectively. The usage of various abrasives results in different abrasion 
resistance for each tested steel grade. The AISI 304 austenitic stainless steel presents an outstanding abrasive wear 
resistance while usage of corundum and Hardox 500 while using a garnet as abrasive material. The C45 carbon 
steel was less resistant than AISI 304 for all three examined abrasives. The lowest resistance to wear in garnet and 
carborundum was obtained for the S235JR and S355J2 ferritic-perlitic carbon steels and in corundum for Hardox 
500 which has tempered martensitic structure.
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relatively moving surfaces. Additionally, ac-
cording to the literature [5, 6] the abrasive wear 
seems to be a dominant wear process – the wear 
of mechanical parts, about 50% (of the parts) 
works in abrasive wear, 15% – adhesive wear, 
8% – erosion, 8% – fretting, 5% – wear is due 
to corrosion and about 14% is just a combina-
tion of abrasive, erosive and corrosive wear.
Investigation into the wear resistance of 
ferrous alloys is still an important problem; 
consequently, many authors research into the 
sliding [7,8], abrasion [2,9], erosion [10,11], 
corrosion [12–14] or cavitation erosion [8,15] 
wear resistance of commercial steels such as 
S235, S355, C45, AISI 304 and Hardox 500. 
However, the information about the steel wear 
properties examined for a wider group of com-
mercial materials is limited. For example, Zam-
brano et al. [16] investigated the sliding wear 
resistance of selected steels (AISI 5160, AISI 
1045 and AISI O1). However, the tested group 
of materials presents the same hardness or in 
another work [9] investigated and compared 
the abrasive resistance of only the austenitic 
steel group (grades FeMnAlC steel, AISI 316L 
and Hadfield steel). Therefore, it is necessary 
to combine the results for a broader range of 
materials. Thus, the current work is focused on 
examining the three carbon steels commonly 
used in industrial practice: S235 and S355, 
C45 (popular structural materials) which were 
compared with classic stainless steel grade 
X5CrNi18–10 (AISI 304) and with Hardox 
500,the low-alloy abrasive-wear resistant steel 
that is gaining favor [2, 17–22]. Therefore, the 
steel materials investigated in current work are 
usually used as a reference material in various 
wear tests [3, 15, 18, 23–25]. Thus, the infor-
mation presented in our findings seems prom-
ising for comparing or evaluating the abrasion 
wear results reported by the literature, which 
also enables the transfer of the wear results into 
fabrication and operation conditions.
The majority of the proposed methods for 
abrasive wear prevention of steel components 
are a selection of wear resistant materials, sur-
face layer modification and hardfacing with 
welding methods, deposition of wear resistant 
coatings or thin films. Still, hardfacing with 
Fe- [26], Ni- [27] or even Co-based [28] pad-
dings is very popular for increasing resistance 
of steel substrate to various types of wear. How-
ever, the application of the welding technology 
is connected to high heat input into base metal 
substrate which results in structure deformation, 
inadequate dimensional accuracy and changes 
in the mechanical properties. Thus, the applica-
tion of commercially available steel plates with 
wear-resistant padding weld (wear-resistant 
plates)) which are welded onto the machine 
parts [29] is an interesting solution. Moreover, 
recently the wear resistance of steel and other 
iron-based alloys has been enhanced by means 
of various advanced treatments. For example, 
ion implantation was used for increasing the 
wear resistance of Hardox and Raex steel [30], 
cast iron surface laser alloying with Ti powder 
was studied in [31], shoot peening surface mod-
ification [32] or surface engineering treatments 
such as fabrication of chromosiliconized layer 
on C45 steel [12]. Additionally, the thermal 
spray technology is applied to deposit the wear 
resistant coatings e.g. Łatka et al. [15] con-
ducted the research on the atmospheric plasma 
sprayed Al2O3+13wt.%TiO2 ceramic coatings on 
X5CrNi18–10 substrate, in other work HVOF 
(High Velocity Oxygen Fuel) method was used 
to spray the M(Ni,Co)CrAlY and Cr3C2-NiCr 
composite coatings onto stainless steel [33] or 
a flame sprayed Ni- and Fe- based coatings fab-
ricated on mild steel and finally PVD or CVD 
thin films [8,34] were considered for increasing 
the wear resistance. However, the selection for 
wear application of commercial steels seems 
to be still an up-to-date and unsolved problem. 
Even though the white cast irons abrasion re-
sistance is unquestionable [31,35–37], the se-
lection of resistant to abrasion steel remains a 
tricky task, especially taking into account the 
cost-effectiveness factor and outstanding struc-
tural properties of the steel. 
Abrasive particles or grits are an inherent 
feature of many tribological systems [38]. More-
over, various abrasives are used and the test 
results are strongly influenced by the type and 
properties of abrasive material [1]. According to 
the literature [39], the standard natural abrasives 
are quartz, garnet, corundum and diamond, also 
the manufactured abrasives are fused aluminum 
oxides, zircona-aluminas, silicon carbide, boron 
carbide diamond (synthetic) or boron nitride. 
Unfortunately, these materials are usually used 
separately in the wear tests, which is supported 
by the literature [3, 5, 11, 17, 25, 40]. Moreover, 
few papers compare the abrasive wear results 
with using natural and manufactured abrasives. 
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The literature does not provide a systematic 
analysis of the effect of different abrasives on 
the resistance of steel; therefore, this work ex-
amines three different popular abrasives, name-
ly: garnet, corundum and carborundum. 
Hence, the main aim in this paper is to in-
vestigate the influence of garnet, corundum and 
carborundum grit materials on the abrasive wear 
result of the steels commonly used in industrial 
practice, namely S235JR, S355J2, C45, AISI 304 
and Hardox 500. 
MATERIALS AND METHODS
Steel coupons used in abrasion testing 
The abrasive wear tests were performed 
on five steel grades: C45 (1.0503; AISI 1045), 
X5CrNi18–10 (1.4301; AISI 304); S235JR 
(1.0038); S355J2 (1.0577) and Hardox 500. First 
four grades are the steels used in machine build-
ing and the last one, Hardox 500 is a high strength 
structural steel dedicated for wear prevention ap-
plications. The description of test samples is giv-
en in Table 1. Before the tests, the structure and 
hardness of the test coupons were investigated. 
The structure was observed on the prepared me-
tallographic samples with the usage of Nickon 
MA200 optical microscope and hardness was 
measured on the grind steel surfaces with Vick-
ers method. The test coupons used for abrasion 
testing were machined from plates to obtain the 
dimensions of 5 mm x 29 mm x 29 mm. 
Abrasive wear test
The abrasion tests were conducted with the 
usage of T07 tribotester equipped with a rubber 
wheel (a dimension of ø44x15mm, 62 revolutions 
of roll per minute) forced to the surface of test 
sample with 44 N load. The test stand is presented 
in Fig. 1. The abrasive was fed directly to the fric-
tion node. Three different abrasives were used: 
garnet, corundum (alumina) carborundum (sili-
con carbide). The morphology of the abrasives 
was studied with the usage of Keyence VHX 600 
optical microscope. Additionally, the particle size 
distribution of grits was determined by sieving; 
therefore, the volume fraction and the average 
size of abrasives were estimated. The vibrating 
screen was used to conduct the sieve analysis ac-
cording to the PN-83/H-11077 standard. More-
over, the grit size was classified according to the 
Federation of European Producers of Abrasives 
(FEPA) [41]. b)
The worn areas of steel samples were exam-
ined with a Nickon SMZ1500 stereoscopic mi-
croscope. The mass loss (Zw) was measured with 
0.1 mg accuracy with usage of WAS-222 balance. 
Abrasive wear test for each tested steel type was 
repeated three times; thus, in total, the data from 
15 tests were collected and analyzed. Then, the 
mass loss Zw was calculated according to formula: 
Zw = m1 – m2 (1)
where: m1 – specimen mass before wear 
testing [g]
 m2 – specimen mass after wear testing [g]
Table 1. Characterization of tested steel samples
Steel properties
Sample code a 




C 0.42 – 0.50 max 0.07 0.17 0.2 max 0.270
Si 0.17 – 0.37 max 1 max 0.55 max 0.7
Mn 0.50 – 0.80 max 2 max 1.40 max 1.6 max 1.6
P max 0.040 max 0.045 max 0.035 max 0.025 max 0.025
S max 0.040 max 0.015 max 0.035 max 0.025 max 0.01
Cr max 0.30 17 – 19.50 max 0.3 max 1
Ni max 0.30 8 – 10.50 max 0.3 max 0.25
Mo max 0.10 max 0.25
Rm, MPa 569 500 – 700 340 490 1550
Re, MPa 343 190 235 355 1400
A5 [%] 14–17 45 21 – 26 20 – 22 10
Density, kg/m3 7850 8000 7800 7850 7850
a – steel codes used in this work derives from different standards
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The C45 steel sample was used as a reference 
material. Therefore the average mass loss for the 
reference C45 samples and other examined sam-
ples were named as Zww and Zwb, respectively.
Zww =
∑ Zwimi=1
m  [g] (2)
Zwb =
∑ Zwimi=1
m  [g] (3)
where: m – total quantity of samples 
 Zwi – mass loss of each sample [g]
In order to calculate the relative abrasive wear 
resistance Kb the volume material loss of rever-
ence material Zvw was divided by the volume loss 
of specific material Zvb – both tested in the same 
test conditions.
Kb =  
Zvw × Nb
Zvb × Nw
= Zww × ρb × NbZwb × ρw × Nw
 [−] (4)
where: Zww – mass loss of the reference 
specimen (g)
 Zwb – mass loss of the examined specimen 
(g)
 ρw, ρb – weight wear of the reference and 
examined specimen (g/cm3)
 Nw – number of roll revolutions for the 
reference specimen
 Nb – number of roll revolutions for the ex-
amined specimen.
RESULTS AND DISCUSSION
Comparative analysis of abrasives 
and steel samples properties
On the basis of the literature data in Table 2, 
the abrasives properties were characterized. It is 
known from the literature [1,6] that the properties 
of the abrasive material influence the wear results. 
The hardness, shape and size of particles strongly 
affect the abrasion wear results. Generally, it can 
Fig. 1. Dry sand-rubber wheel T-07 tribotester: a) scheme: 1 – sample, 2 – abrasive, 3 – rubber wheel; b) test rig 
Table 2. Typical properties of abrasives and calculated abrasive particles sizes 
Abrasives type Garnet Corundum Carborundum
Chemical composition iron aluminum silicate Fe3Al2(SiO4)3
 Aluminum oxide Al2O3 
Silicon carbide  
SiC 
Density [g/cm3] 3.5 – 4.25 3.9 – 4.0 3.15 – 3.22
Bulk density [g/cm3] 2.2 – 2.5 1.52 – 1.87 1.30 – 1.58
Grain shape Irregular shape with sharp edges
Irregular shape with 
sharp edges
Irregular shape with sharp 
edges
Hardness. HV [42] a 600–1355 1800 2600 
Hardness. Knoop K100 [39]a 1360 2050 2480
Mohs hardness 7 – 8.0 9.0 9.5
Mean grain size [mm] 0.18 0.10 0.05
a Typical values.
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be summarized that high particles hardness, shape 
and size influence the wear results and are a func-
tion of metal alloys microstructure. Therefore, 
the abrasive materials applied in current study 
differ in properties. The sieve analysis allows 
estimating the size of abrasive particles, Fig. 2. 
Mean grain size of abrasives equals for garnet: 
0.18 mm, corundum: 0.1 mm and carborundum: 
0.05 mm. The results were analyzed in relation 
to the FEPA [41] standards: FEPA-Standard 
42–1:2006 and FEPA-Standard 42–1:2006. The 
coarser grains were identified for garnet F80 
(macrogrits acc. to FEPA) then. corundum with 
the grain value of F120 (macrogrits) and finally 
carborundum F230 – F240 which was composed 
of macrogrits and microgrits.
Though the comparative analysis of sieve ex-
periment and micrographs of abrasives (Fig. 3), a 
garnet abrasive material presents fine and average 
grain size, the corundum is composed of a fine 
Fig. 2. Sieve analysis results of garnet, corundum and carborundum abrasives 
Fig. 3. Morphology of abrasive materials a) garnet. b) corundum. c) carborundum, VHX 600 microscope
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and very fine grains and carborundum presents 
very fine grains and micrograins. To sum up, in 
contrary to carborundum, garnet is the coars-
est and the softest, Table 2. Fig. 3 shows that all 
abrasives presents irregular shape characterized 
by sharp edges, nevertheless the garnet grains 
seem much spherical and compact shape than the 
grains of carborundum and corundum. 
Microstructure and hardness 
of investigated steel 
The structure and hardness of the investigated 
steels are compared in Fig. 4 and Table 3 respec-
tively. The S235JR and S355J2 low carbon struc-
tural steels present the ferritic structure with per-
lite, the S355J2 steel presents a higher content of 
carbon and finer grains than S235JR that contains 
more perlite and presents higher hardness which 
agrees with the literature [10]. The carbon steel, 
C45 presents normalized ferritic-prelatic struc-
ture and higher content of relatively hard perlite 
that effects the average hardness of 229 HV30, 
which is in agreement with the survey data [12]. 
As shown in Table 2. AISI 304 steel is a high al-
loyed stainless steel. Its structure is austenitic 
with typical austenite twinned grains (Fig. 4). Fi-
nally, Hardox 500 presents structure of tempered 
martensite without clear grain orders of the previ-
ous austenite comparable to the structure reported 
in the literature [17,43]. Due to the presence of 
a tough martensitic phase in its microstructure 
Hardox 500, the steel exhibits the outstanding 
hardness, at the similar to literature data level [4]. 
Summing up, the investigated steels differ in 
structure and hardness and their effects on abra-
sive wear results [1]. 
Abrasive wear results
During operation, the machine elements 
can be subjected to wear through contact with 
abrasive materials including soil, gravel, etc. In 
these cases, the grains can move relatively free-
ly [4] and the rubber-wheel test simulates the real 
wear-operation conditions well. 
The abrasive wear results are given in Fig. 5, 
Fig. 6 and in Table 4. It is clear that the same steel 
grade obtains different mass loss (Fig. 5) which 
confirms the effect of abrasive type on the resis-
tance to wear. However, usually the usage of gar-
net results in the lowest and the carborundum the 
highest wear rate. Additionally, while analyzing 
Fig. 4. Microstructure of investigated steels, LOM
Table 3. Vickers hardness of tested steel samples 
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the normalized abrasive wear resistance (Kb) 
with relation to three different abrasives: garnet. 
corundum and carborundum (Fig. 6), it can be 
deduced that none of the investigated materials 
presents universally outstanding wear resistance. 
In other words, the selection of the materials for 
specific operating conditions should involve the 
wear tests with the usage specific abrasive materi-
al under the working conditions that are similar to 
the actual ones, because transferring of the results 
can be burdened with high error. For example, 
Hardox 500 steel presents superior resistance to 
abrasion with garnet and carborundum but infe-
rior resistance to corundum also the Kb value of 
Hardox 500 tested in corundum is on comparable 
level as in the work [18]. As was discussed in the 
previous section, the investigated steels present 
various microstructure (ferritic-pearlitic, austen-
itic and martensitic) and hardness. Thus, combin-
ing the analysis of structures from Fig. 4 and wear 
results allows stating the wear resistance of steels 
is related to their microstructure, see Table 4. 
Summing up, the tests conducted with garnet 
and carborundum demonstrate a similar trend i.e. 
ferritic-pearlitic structures are less resistant than 
martensitic steel. On the other hand, the austenitic 
AISI 304 steel presents a superior wear resistance 
and is easily abraded while testing with corun-
dum. It can be explained by the fact that garnet is a 
soft relative to the martensitic structures and does 
not abrade steels as effectively as hard corundum. 
Additionally, garnet is hard relative to steels, and 
Fig. 6. Normalized abrasive wear resistance estimated for different abrasives in relation to C45 steel 
Fig. 5. Influence of various abrasives on wear of steels (garnet, corundum and carborundum)
Table 4. Wear resistance results in relation to the steel structure
Abrasive 
material
Abrasive wear resistance 
Steel microstructure
garnet S235JR < S355J2 < C45 < AISI 304 < Hardox 500 ferrite+pearlite < austenite < martensite
corundum Hardox 500 < S235JR = C45 < S355J2 < AISI 304 martensite < ferrite+pearlite < austenite
carborundum S235JR = S355J2 < C45 < AISI 304 < Hardox 500 ferrite+pearlite < austenite < martensite
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it abrades untreated steels with nearly the same 
aggressiveness as corundum and carborundum. It 
is in compliance with the finding reported for the 
cast irons by the literature [42]. 
Figure 7 shows the effect of steel hardness on 
the mass loss. Although the effect of the abrasive 
grains size on the wear results of the steel was not 
acclaimed, Fig. 8 shows the influence of abrasives 
hardness on the steel mass loss. It is acknowl-
edged that the wear resistance of S235, S355, and 
C45 carbon steels increases with hardness and 
content of carbon, see Fig. 9. However, due to its 
structure i.e. austenitic of AISI 304 and tempered 
martensite of Hardox 500, these samples do not 
inscribe to plots given in Fig. 7. 
The wear traces analysis was conducted with 
the stereoscope microscope, see Fig. 10. Abra-
sive materials present different properties as well 
as the structure and hardness of the steels differ 
from each other. Thus, the wear occurring due 
to hard particles in the carborundum and corun-
dum results in the microcutting-scratching wear 
mechanism of steels (domination of microcutting, 
characterized by the long groves), contrary to the 
relatively coarse and soft garnet particles result-
ing in the scratching-microcutting wear mecha-
nism (with fine groves). 
CONCLUSIONS
The paper investigates the influence of differ-
ent abrasive grit materials i.e. garnet, corundum, 
and carborundum on the abrasive wear result of 
steels typically used in the industrial practice i.e. 
S235, S355, C45, AISI 304, and Hardox 500.
Fig. 7. Influence of steel hardness on the abrasive wear results
Fig. 8. Effect of abrasive hardness on the wear results
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The studies confirmed that the abrasive wear 
depends on the material and morphology (shape 
and size of particles) of the abrasive as well as the 
hardness and structure of steel. On the basis of 
the test results, it can be determined that the gar-
net is useful as a material for abrasion resistance 
investigate. Abrasive wear with a garnet causes a 
smaller weight loss of the tested specimens than 
for the wear with corundum or carborundum, 
which can be explained by the hardness of corun-
dum and carborundum superior to garnet. 
 The highest mass loss was obtained for gar-
net, corundum, and carborundum, respectively. 
The usage of various abrasives gives different 
abrasion resistance results of each tested steel 
type. The AISI 304 austenitic stainless steel pres-
ents outstanding abrasive wear resistance while 
testing in corundum; on the other hand, Hardox 
500 exhibits the highest abrasion resistance while 
testing in garnet. The C45 carbon steel was less 
resistant than the AISI 304 grade for all three ex-
amined abrasives. The lowest resistance to wear 
Fig. 10. Exemplary wear traces (4 mm marker), stereoscope microscope.
Fig. 9. Effect of carbon content on the wear resistance of carbon steel S235JR, S355J2 and C45
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in garnet, carborundum were indicated for the 
S235JR and S355J2 ferritic-pearlitic carbon steels 
and in corundum for Hardox 500 with tempered 
martensite structure. The abrasive wear behaviors 
were dominated by the microscratching-micro-
cutting wear mechanism.
This study points out that steels grades aus-
tenitic 304, Hardox 500 and structural C45 are 
characterized by high abrasion resistance. The 
S235JR and S355J2 steels have low abrasion re-
sistance. The Hardox 500 steel is the most attrac-
tive due to the use in machine parts exposed to the 
abrasive wear, because at present, the market price 
of this steel is approx. half of AISI 304. However, 
it should be borne in mind that Hardox steel has a 
low resistance to abrasiveness by corundum.
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